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a b s t r a c t
Over a century ago, shoreline copper mills sluiced more than 64 million metric tonnes of tailings into
Lake Superior, creating a ‘‘halo” around the Keweenaw Peninsula with a buried copper peak. Here we
examine how tailings from one of the smaller mills (Mass Mill, 1902–1919) spread as a dual pulse across
southern Keweenaw Bay and onto tribal L’Anse Indian Reservation lands. The fine (‘‘slime clay”) fraction
dispersed early and widely, whereas the coarse fraction (stamp sands) moved more slowly southward as
a black sand beach deposit, leaving scattered residual patches. Beach stamp sands followed the path of
sand eroding from Jacobsville Sandstone bluffs, mixing with natural sands and eventually adding onto
Sand Point, at the mouth of L’Anse Bay. Dated sediment cores and a multi-elemental analysis of the bur-
ied Cu-rich peak in L’Anse Bay confirm a tailings origin. Copper concentrations are declining in the bay,
yet copper fluxes remain elevated. The spatial and temporal studies underscore that enhanced sediment
and copper fluxes around the Keweenaw Peninsula largely reflect historic mining releases. Mercury is
correlated with copper, yet mercury concentrations and fluxes remain relatively low in Keweenaw Bay
compared to nearby Superfund sites (Torch and Portage Lakes), perhaps reflecting the absence of smelters
on Keweenaw Bay. Tribal efforts to remediate contamination are progressing, but are hindered by recent
high water levels plus severe storms. The long-term repercussions of Mass Mill discharges caution
against mine companies discharging even small amounts of tailings into coastal environments.
 2020 The Authors. Published by Elsevier B.V. on behalf of International Association for Great Lakes
Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Introduction
The spatial distribution of sediment grain sizes reflects particle
dispersal over decades to millennia (e.g., Loope et al., 2004;
Pendleton et al., 2010; Mattheus et al., 2017, 2016). Single storm
events of hours to days can move large masses of sediment, caus-
ing high turbidity events that last days to weeks (Eadie et al., 2002,
2008; Churchill et al., 2004; Valipour et al., 2017). These storm
events can disrupt the continuity of sediment stratigraphy and
both confound or clarify sediment chronologies (Evans et al.,
1981; Eadie et al., 2008). Yet over decades, storms in combination
with currents and waves can progressively winnow coastal
sediments through repeated deposition and resuspension events.
Ultimately, fine sediments are transported to the most quiescent
depositional basins of lakes, over time scales of years to centuries
(Kemp et al., 1978; Edgington and Robbins, 1990; Robbins and
Eadie, 1991).
Likewise, contaminant transport associated with sediments has
been studied at relatively short time scales (hours to days) when
river plumes sweep material through coastal zones (Lathrop
et al., 1990; Nekouee, 2010) or storms resuspend fine sediments
(Bogdan et al., 2002). Yet time scales of decades are often more
appropriate for characterizing when fine-grained sediments with
high contaminant burdens are focused to deep, depositional areas
(Kaminsky et al., 1983; Carter and Hites, 1992; Marvin et al., 2004;
Lu et al., 2015). Again, deposition may occur rapidly (days) when
basins receive large erosional or riverine sediment inputs (e.g.,
Simcik et al., 2003) or may be prolonged, if discharges move as
coherent masses along coastal margins. In this study, we trace
the distribution of a metal-enriched particle pulse to clarify sedi-
ment transport pathways in a large bay (Keweenaw Bay) of Lake
Superior. The dispersal process has stretched for over a century,
following an initial 18-year discharge (1902–1919) of mine tailings
from a single source (Mass Mill), one that no longer exists (‘‘ghost
town”). We utilize the legacy mill input to emphasize the different
pathways and time scales associated with fine-grain (clay-sized)
versus coarse-grain (sand to gravel) particle dispersal.
https://doi.org/10.1016/j.jglr.2020.07.004
0380-1330/ 2020 The Authors. Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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During the Native Copper Mining Era (1844–1968) on the
Keweenaw Peninsula of Michigan, several large stampmills sluiced
(i.e. directed slurries down channels) over 64 million metric tonnes
(MMT, also equivalent to Terragrams, Tg) of copper-rich tailings
directly into coastal waters of Lake Superior (Kerfoot et al., 1999,
2009). Copper ores (amygdaloid basalt or conglomerate from the
Portage Lake Volcanic Series) were pulverized by large steam-
driven stamps and the copper extracted largely by specific gravity
techniques using jigs. Jigging involved flowing a stream of liquid-
suspended material over a screen and subjecting the screen to a
vertical hydraulic pulsation. More dense particles would separate
from less dense particles (tailings). The tailings, known locally as
‘‘stamp sands”, were discharged into streams, lakes, waterways,
and shorelines. The original releases from shoreline stamp mills
and river plumes contributed to a ‘‘halo” of metal-enriched sedi-
ments around the Keweenaw Peninsula, one that extends out 10
to 90 km into Lake Superior (Fig. 1a; Kerfoot et al., 1994, 1999,
2002, 2004; Kolak et al., 1999; Gewurtz et al., 2008). Moreover,
in sediment deposition zones off the coastal shelf, the nearly
simultaneous discharges from the eight large coastal mills con-
tributed to a buried copper peak in sediments (Fig. 1b). The mining
contributions were relatively large compared to background load-
ing of copper into Lake Superior. For example, around the Kewee-
naw, anthropogenic inventories with mining-derived copper are
three- to ten-fold greater than inventories found generally in the
top 20 cm of Lake Superior sediments (Kerfoot et al., 2002, 2004).
The stamping process produced fine (clay-fine silt) and coarse
particle fractions (range of 0.3–3.4 mm; Benedict, 1955; Babcock
and Spiroff, 1970). The fine fractions (so-called ‘‘slime clays” of tail-
ings discharges, 7–14% of mass) rapidly dispersed much greater
distances than the coarse fractions (‘‘stamp sand”) that were
retained along shorelines as black sand beaches. Under calm
water conditions in inland lakes (e.g. under winter ice cover), the
dispersed clay-sized fraction left a series of pink or purple
copper-rich varves, marking the time of original releases (Kerfoot
et al., 1994). An early quantitative end-member mixing analysis
of Keweenaw Waterway mill discharges used Neutron Activation
Analysis of stamp sands to ‘‘fingerprint” stamp sand elemental
composition, then radioisotope (210Pb and 137Cs) techniques plus
Fig. 1. Metal-rich ‘‘Halo” around the Keweenaw Peninsula, Michigan: a) Lake Superior spatial patterns for anthropogenic copper inventories. Contour lines based on focusing-
corrected inventories from 32 1983 NOAA cores (solid circles; Kerfoot et al., 1999, 2002). Within the contours are plotted inventories from the 1998–2002 NOAA/NSF KITES
Project cores (squares), showing values immediately surrounding the Keweenaw Peninsula (Kerfoot et al., 2004). The scale for anthropogenic copper (in mg/cm2) is in the
upper right. Specific locations (LSDH, MI, KT, and LB) are placed next to core sites leading into Keweenaw Bay, off the eastern side of the Keweenaw Peninsula. b) Copper
(mg g1) and mercury (ng g1) profiles from sediment cores taken at different locations in Keweenaw Bay: LSDH, Caribou Basin, east of the tip of the Keweenaw Peninsula; MI,
S. of Manitou Island; KT, Keweenaw Trough, between Pt. Abbaye and S. Entry; LB, L’Anse Bay, at the end of Keweenaw Bay. Mercury concentrations on the first three plots
follow Cu scale, but in ng g1. The profiles show a progressive increase in anthropogenic Cu inventories from north to south in Keweenaw Bay and a buried Cu peak. Note that
L’Anse Bay has a different scale on the x-axis for copper, because concentrations are so high.
Fig. 1 (continued)
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x-rays of ‘‘slime clay” varves in sediments to determine associated
deposition dates (Kerfoot and Robbins, 1999). The study confirmed
that elemental signatures left in the Keweenaw Waterway sedi-
ments of the Torch Lake Superfund site could be traced back to
specific stamp mill loadings. Here we deal with the consequences
of a relatively small coastal mill’s (Mass Mill) release of tailings
into southern Keweenaw Bay between 1902 and 1919, one that left
laminations in embayment sediments (L’Anse Bay) and residual
beach deposits along a migrating track that entered into L’Anse
Indian Reservation boundaries.
The Mass Mill (Fig. 2a) was built by the Mass Consolidated
Mining Company in 1901–2, about 9 km north of Baraga. Copper
ore came from several lodes in the Portage Lake Volcanic basalt
near the town of Mass City (Fig. 2b): Evergreen, Knowlton, and
Ogima lodes (seven different amygdaloid beds; Butler and
Burbank, 1929). Two railways, the Duluth, South Shore & Atlan-
tic Railway (DSS&A) and the Mineral Range Railroad South Range
Extension (the latter explicitly constructed to convey stamp rock
to the mill from Mass City mines), intersected at the Keweenaw
Bay Depot (Fig. 2c) and Mass Mill. A small town (Community of
Keweenaw Bay, map) was platted adjacent to the Mill and
Keweenaw Bay Depot. Mass Consolidated built ca. 30 company
houses for employees in the town. A major coal dock (Fig. 2d,
‘‘Old Coal Dock”) extended out into the waters of Keweenaw
Bay.
The South Range line made daily trips from Mass City to the
town of Keweenaw Bay. The first shipment was on January 3,
1901 (Gaertner, 2008). At Keweenaw Bay, the train reached the
stamp mill by crossing over the DSS&A main line onto a 1361 m
long wooden trestle next to the Depot (Fig. 2, map). Ore from rail
cars was gravity-dumped into the mill’s bins. Large steam-driven
stamps crushed the ore, and the crushed rock ran through a series
of jigs to separate the concentrate from the stamp sands (tailings).
A laundry sluice transported the tailings, depositing them along
the shoreline and into the bay (Stevens, 1900). Coal steamers
brought coal to the boiler house (Fig. 2, map). The engine house
pumped water up to the mill’s boiler house for steam-driven
stamping. Ashes from the fireboxes were also dumped into an iron
chute, and washed through a launder into the lake (Stevens, 1900).
The floor space in the stamp mill was modest, ca. 27 m  64 m,
contained one stamp until 1907, then two afterwards. The mill
operated for only 18 years (Fig. 3, Table 1), with a maximum capac-
ity of 1225 metric tons per day (Stevens, 1900). Copper concentrate
from the stamps was sent via the DSS&A to the Quincy Smelter at
Ripley or to the Coles Creek Smelter operated by Copper Range
west of Houghton (Gaertner, 2008). The Michigan Mine used one
Fig. 2. Mass Mill at the Keweenaw Bay town location: a) photo of Mass Mill inserted onto period map (1916) of the town of Keweenaw Bay, showing location of mill and coal
dock, railroad tracks past the town and depot, and a trestle that delivered ore to the mill; b) photo of Mass Mine, one of three ore sources near the town of Mass; c) photo of
Keweenaw Bay Depot with Mass Mill trestle in the background; d) Coal Dock elevator track leading from the shoreline up to the mill (all courtesy of Baraga County Historical
Museum).
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of the stamp heads at the Mass Mill to process rock (1902–1906),
while it constructed what became a non-operational Mill (Michi-
gan Mill) north of the Mass Mill (1906). The Mass Mill operated
until after WWI, when prices for copper drastically declined. The
Mill closed down in 1919 (Fig. 3) and was dismantled in 1931.
There are intriguing jurisdictional boundary issues with the
Mass Mill tailings releases. Both fine and coarse fractions progres-
sively funneled down towards L’Anse Bay, contaminating shoreline
and deep sediments. The L’Anse Indian Reservation is both the old-
est and largest reservation in Michigan. The Reservation was estab-
lished under the Chippewa Treaty of 1854. The United States
Supreme Court interpreted the treaty as creating permanent
homelands for the Chippewa (Ojibwa Anishnaaberg) band signato-
ries to the treaty. The Keweenaw Bay Indian Community (KBIC)
was defined in 1934 by the Indian Reorganization Act as the suc-
cessor apparent of the L’Anse and Ontonagon bands (Inter-Tribal
Council of Michigan, 2012). Discharge and dispersal of Mass Mill
tailings infringed upon tribal treaty rights by influencing Lake
Superior waters and sediments, and later L’Anse Indian Reservation
boundaries (water column, sediments, shoreline). The stamp sand
discharge also acted as a pulse experiment with two fractions. The
fine fraction dispersed widely and rapidly, whereas the coarse frac-
tion seems to have traced the path of natural sand erosion and
migration onto Sand Point, revealing in part how Sand Point was
created. However, because high levels of copper in stamp sands
can adversely affect benthic organisms and aquatic food webs,
there is a legitimate contamination concern (Kraft, 1979; Kerfoot
et al., 2014, 2019). Using sediment records, here we look at the pro-
gressive temporal and spatial spread of both fine and coarse stamp
sand fractions. The circumstances underscore the potential harm
that can be caused by mining operations discharging even limited
amounts of tailings into coastal environments (Vogt, 2012; Kerfoot
et al., 2012, 2014).
Methods
Site description
The study site, southern Keweenaw Bay (Fig. 4), lies on the
southern shoreline of Lake Superior (Fig. 1a). Bounded on the west
by the Keweenaw Peninsula and on the east by Abbaye Peninsula,
the bay sits in a glacially scoured depression through Jacobsville
Sandstone bedrock. Pequaming Bay (Fig. 4a, b) is located along
the eastern shoreline, whereas the Mass Mill site and the town of
Keweenaw Bay are located across the bay along the western shore-
line. Southern Keweenaw Bay has gentle coastal shelf slopes on its
eastern and western margins that drop into a deep trough (south-
ern margin of the Keweenaw Trough, 75–120 m depth) down the
middle of the bay (Fig. 4a). The Keweenaw Trough extends up to
a sill that marks the mouth of L’Anse Bay. The bay is protected from
prevailing northwest winds, but is exposed to northeasterly storms
and wave action. Waves and long-shore currents tend to move
stamp sands southward along the shoreline of Keweenaw Bay
(Sloss and Saylor, 1976; Hayter et al., 2015).
The shoreline north and south of the Mass Mill site consists of
rocky sandstone cliffs with talus slopes (debris erosion zones)
and alternating sand beaches (local deposition zones). Keweenaw
Bay constricts down into a small, terminal bay (L’Anse Bay) near
the present-day towns of Baraga and L’Anse (Fig. 4). Sand Point,
the promontory along the western shoreline at the entrance to
L’Anse Bay, is a depositional zone that collects sand weathered
from Jacobsville sandstone cliffs, rivers (e.g. Kelsey Creek, Little
Carp River), and glacial till. Natural sand eroding from cliffs is
moved southward by waves and long-shore currents (Vitton and
Williams, 2008). In this investigation, we trace the rapid initial
release and dispersal of fine ‘‘slime clays” across Keweenaw Bay
and into L’Anse Bay, then note the slower southward creep of
coarse tailings (stamp sands) along the beach environment onto
Sand Point. During southward movement, the stamp sands crossed
into Tribal Preserve lands (Assinins’ shelf) and onto Sand Point, a
prominent tribal recreational area and interesting geomorphologi-
cal feature of Keweenaw Bay.
Chemical composition of stamp sands
The elemental composition of stamp sands is treated elsewhere
in more detail (Babcock and Spiroff, 1970; Kerfoot and Robbins,
1999; Zanko et al., 2013). In initial investigations, concentrations
of up to 28 elements were determined by Instrument Neutron Acti-
vation Analysis (INAA; Kerfoot and Robbins, 1999). Later analyses
of stamp sands were carried out by Weston, Inc., under Michigan
Department of Environmental Quality contract (MDEQ, 2004,
2006), and by the Natural Resources Research Institute in
Fig. 3. Yearly amount of stamp sand discharged by large copper mills into
Keweenaw Bay (insert below distinguishes symbols for Mass, Mohawk, and
Wolverine Mills). The Mohawk and Wolverine Mills were located together at the
town of Gay, Grand (Big) Traverse Bay, whereas the Mass Mill was across from
Pequaming in southern Keweenaw Bay. The Mass Mill discharged between 1902
and 1919. Notice the nearly synchronous beginning of releases for all three mills,
with all discharges ending between 1919 and 1932.
Table 1
Mass Mine rock processed at the Mass Mill (English tons, metric tonnes). Annual
values come from yearly company reports (MTU Archives). The totals may not include
custom work for the Michigan Mill (1902–1906).
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Minnesota (Zanko et al., 2013). The latter used AA and ICP-MS
techniques, respectively. Elemental determinations of three differ-
ent stamp sand piles are compared in Table 2. Ecological Risk
Screening Levels (ERSL*) are given in mg/kg (ppm) for most trace
metals, or % for aluminum, iron, and potassium. Copper stands
out at higher PEL (Probable Effects**) levels, although there is also
a secondary suite of additional trace metals that frequently exceed
ERSL levels. Here mercury is analyzed along with copper in sedi-
ment cores, primarily as a representative of associated metals,
but also because mercury bioaccummulates up aquatic food chains
to fish. We checked copper concentrations from eight amygdaloid
tailings piles (Babcock and Spiroff, 1970, Kerfoot et al., 2009) to
derive a mean copper concentration (0.30%; SD = 0.07; N = 8), just
in case a clear pile could not be located near the Mass Mill site.
Additionally, ICP-MS analysis of trace metals was used to see if
an associated suite of metals accompanies the buried copper peak
in sediment cores, and bears resemblance to stamp sands.
Reconstruction of Mass Mill discharges. The Copper County
Archives section of the J.R. Van Pelt Library, Michigan Tech Univer-
sity, retains original copies of yearly mining company reports. The
archived records include stamp rock shipped to mills, mineral
concentrate recovered, and smelted total copper. Tallies from mills
Fig. 4. Lower Keweenaw Bay, showing sites of Ponar samples and sediment cores: a) Shallow coastal shelves along the eastern and western shorelines of southern Keweenaw
Bay, dropping off to the deep Keweenaw Bay ‘‘Trough” in the middle. b) Ponar sampling sites in southern Keweenaw Bay. Locations of Pequaming, Keweenaw Bay Community,
Assinins, Baraga, and L’Anse. Pequaming and L’Anse Bays are relatively shallow. c) Closed circles indicate the location of coring sites in three regions (off Pequaming, Control
region in Huron Bay; in L’Anse Bay). Stamp sand beaches (black) are sporadic before Assinins, then present continuously onto Sand Point.
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along the Lake Superior shoreline allowed us to reconstruct
detailed site-specific stamp sand releases into Keweenaw Bay
(Fig. 3; Table 1).
Mass Mill construction followed a regional pattern. Discharges
from early mill operations in the interior Keweenaw Waterway
(Houghton, Hancock) began to compromise ship navigation by
the 1880’s, prompting restrictions on releases. In a nearly simulta-
neous response, many successful companies constructed large-
volume stamp mills, several along the Lake Superior shoreline.
On the eastern coastline, off Keweenaw Bay, two large mills
opened at Gay (Mohawk, Wolverine) between 1901 and 1902,
whereas in 1902 the smaller mill (Mass) opened north of Baraga
(Fig. 3). Another mill, the Michigan Mill, was constructed north
of the Mass Mill, but was never opened because of falling copper
prices and reduced ore grade (Butler and Burbank, 1929; Kerfoot
et al., 2009). The two Gay mills were located almost 50 km north
of the Mass Mill site, and discharged a total of 22.7 MMT of tail-
ings, i.e. about ten times the amount released by the Mass Mill,
2.7 MMT. The Mass Mill discharges include only Mass Mine ship-
ments, and may not include custom work done early (1902–1906)
at the Mass Mill for the Michigan Mill. Notice that Mass Mill
releases exhibit two enhanced intervals of production, an earlier
(1906–1908) and a later (1915–1917) that coincided with World
War 1 (July 28, 1914–Nov 11, 1918). The almost synchronous dis-
charge by multiple mills around the coastal zone contributed to
the ‘‘halo” and the buried offshore peak (Fig. 1a; Kerfoot et al.,
2002, 2004).
Ponar grab samples. The finest particle size fraction of tailings,
the so-called ‘‘slime-clay” fraction, makes up 7–14% of piles
(Kennedy and Chernosky, 1970; Babcock and Spiroff, 1970), and
will disperse furthest in lake waters. We sampled surface sedi-
ments at numerous grid locations in three primary regions
(Fig. 4): Lower Keweenaw Bay, including off Pequaming Bay and
in L’Anse Bay, as well as at a ‘‘Control” site in Huron Bay. Huron
Bay, on the other side of the Abbaye Peninsula, had no direct inputs
from mining. Surface sediment was sampled using a Ponar grab
sampler (area = 522 cm2), which penetrates to a depth of around
6–10 cm (mean 8.9 cm; Hudson, 1970; Wildco Catalog) and ladled
contents into polyethylene plastic bags with a plastic trowel, then
stored the samples at 4 C until analyzed. Many Ponar casts
bounced off shallow-water rocks or cobbles, although 59 were
taken successfully, 35 from Keweenaw Bay and 24 from Huron Bay.
The grain size distribution of Ponar surface sediments was mea-
sured using U.S. Standard Sieves and an X-ray particle analyzer
(Electronic Supplementary Material (ESM) Table S1). All sediment
samples were dried at room temperature. Five U.S. Standard Sieves
(#12–1680 mm, #20–840 mm, #40–420 mm, #70–210 mm, and
#100–149 mm) measured coarse particle-size fractions. The fine
particles (<149 mm) were further analyzed using the X-ray particle
analyzer (Microtrack II Model 7997–10, Leeds and Northrup Co.). A
known particle size of material checked the accuracy of the Micro-
track measurement (±6%). Each sample was analyzed twice and
adopted values required agreement of ±5%.
For metal analysis (ESM Table S1), the dried subsample of sed-
iments was homogenized, and a small subsample (usually <0.5 g
dw) was placed into a pre-weighed Teflon digestion vessel. Trace
metal grades of nitric acid (4 mL), hydrochloric acid (6 mL), and
Milli-Q water (10 mL) were added to the vessel, which was tightly
capped and reweighed. The subsamples were digested using a
Milestone Ethos 900 microwave digester (2 min @ 250 W, cooled
for 1 min, 5 min @250 W, 5 min@400 W, 5 min @650 W, cooled
for 5 min; EPA SW-846 Method 3051). The contents of the vessels
were then filtered through 47 mm Gelman Supor-450 filters, and
the extract volume adjusted to 25–40 mL with Milli-Q water after
which the extract was transferred to 60-mL acid-leached polyethy-
lene storage bottles.
Table 2
Elemental composition of stamp sands from three separate piles (Kerfoot and Robbins, 1999; MDEQ, 2004, 2012; NRRI, Zanko et al., 2013). Both fine (clay) and coarse (stamp
sand) fractions are listed for INAA, others are AA (MDEQ) or ICP-MS (NRRI). Means are listed along with standard deviations within parentheses. Ecological Risk Screening Levels
(ERSL*) for ‘‘Aquatic Life”. Probable Effects Level ** (PEL). Risk levels from MacDonald et al. (2000).



















Aluminum(%) 6.4(0.3) 6.6(0.3) NR NR 6.8(0.3) 6.3(0.3) 6.1(0.3) NR 8.2(0.3) 8.1(0.3) 3.2 * all
Arsenic(ppm) 4.0(0.7) 3.0(0.6) 3.1(1.6) 4.8(0.5) 3.1(0.5) 2.3(0.4) 1.8(0.4) 4.7(2.0) 12.0
(0.9)
9.1(0.8) 9.8 1 case
Barium(ppm) 320(39) 273(42) 4(2) 204(11) 474(43) 720(46) 648(45) 13(7) 74(34) <122(5) 60 * 8 of 10
Chromium
(ppm)




167(5) 151(5) 43.4 * 7 of 10




22.3(0.7) 21.0(0.6) NR 52.3
(1.5)
41.4(1.2) 50 2 of 10










1340(310) 31.6 **; all, PEL
Iron(%) 8.1(0.1) 7.8(0.1) NR NR 7.6(0.0) 7.5(0.05) 8.6(0.05) NR 7.8(0.0) 7.5(0.0) 6.8 * all
Lead(ppm) NR NR 6.9(1.1) 5.0(0.6) NR NR NR 9.8(3.5) NR NR 35.8 none
Manganese
(ppm)
1031(23) 1026(23) NR NR 1,197
(26)
781(17) 826(18) NR 1585
(35)
1265(28) 460 * all
Mercury NR NR NR 0.02
(0.01)
NR NR NR 0.1 NR NR 0.18 none
Potassium(%) 0.9(0.1) 0.9(0.1) NR NR <1.0
(0.1)
3.0(0.4) 3.2(0.5) NR <1.0
(0.1)
0.7(0.3) NR NR
Nickel(ppm) NR NR 26.8(4.8) 47.8
(4.4)
NR NR NR 43.2
(23.1)
NR NR 22.7 * all
Vanadium 210(7.0) 218(6.7) NR NR 183(6) 172(6.3) 178(6) NR 210(7) 215(7) 57 * all
Silver(ppm) 3.4(0.01) 3.3(0.01) 1.5(0.8) 2.4(0.2) 21.5
((1.0)
5.4(0.9) 7.9(0.9) 1.4(0.8) 3.3(0.9) <3.4(0.0) 0.733 * all
Titanium
(ppm)









0.4(0.0) 0.6(0.1) NR 0.7(0.1) 2.8(0.1) 2.1(0.1) 2.6(0.1) NR 0.1(0.1) <0.3(0.0) NR NR




290(16) 110(9) 111(11) 67(7) 373(20) 111(10) 121 2 of 10
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Total copper was measured with an atomic absorption spec-
trophotometer (Perkin-Elmer Co., Model AAS 3100) using flame
atomization (3100 Automatic Burner Control; EPA SW-846 Method
7211 Copper). The accuracy of Cu standards was checked against a
NIST standard reference material (SRM 3172a Multi-element Mix
B-1; standards were within ±6% of the SRM standard). Selected
samples for measurements of copper concentrations were also
analyzed by the method of standard additions. There was 93.7%
(range 90.1–97.5%) agreement among replicate samples.
Total mercury was analyzed by the cold vapor technique with
the Perkin-Elmer Model 5000 AA and a Perkin-Elmer MHS-10 mer-
cury/hydride system (EPA SW-846 Method 7471A). For every set of
samples analyzed, at least two sets of standards, two procedural
blanks, and one duplicate sample per every ten samples were ana-
lyzed. As a measure of extraction process efficiency, Standard Ref-
erence Material (SRM) samples (Natural Matrix Certified Reference
Material: Metals of Soil/Sediment #4, from Ultra Scientific) of a
natural sediment matrix were analyzed. A minimum of one SRM
sample and one blank were analyzed per every twelve samples.
The reference value for Hg in the SRM was 720 ng/g. The mean
recovery for mercury in the SRM was 99.7%.
Standard analysis methods for both surface (Ponar) and many
sediment core samples were run with duplicate, independent sub-
samples. Replicate Ponar surface sediment samples (N = 59) agreed
to within 97.5 ± 11.9% for Cu and within 77.0 ± 21.9% for Hg. Repli-
cate core sample (N = 16) agreement was 90.4 ± 5.8% for Cu and
91.1 ± 4.5% for Hg. Expressed as the coefficient of variation
(CV = SD/mean), precision was 2.8% for Cu and 8.8% for Hg
(n = 62). Lower precision for Hg versus Cu measurements probably
resulted from the much lower concentrations of Hg (ppb) com-
pared to Cu (ppm).
Details of sediment core analyses. Numerous sediment cores were
taken from Keweenaw and Huron Bays, at water depths between
8.5 and 153 m (Fig. 4b). Site locations (longitude, latitude, water
depth) for processed cores are listed in Table 3. Many of the
shallow-water sediment cores were taken by a Wildco stainless
steel 1 m K-B Gravity Corer fitted with a plastic nosepiece and plas-
tic liners. Prior to coring, liners were washed thoroughly and lea-
ched in 10% nitric acid. Coring was done either through ice in
winter (L’Anse Bay, Huron Bay) or from vessels (320 R/V Agassiz,
300 R/V Navicula or 980 R/V Laurentian) during summer. At
deeper-water stations in L’Anse and Keweenaw Bay, some sedi-
ment cores were taken by Box Corer (Sutar, 0.70  0.70  1 m)
from the R/V Laurentian. In the latter case, plastic liners were
inserted into the retrieved sediment, corked, and retrieved.
During winter in the bays, K-B cores were taken through the
shelf ice after power auger drilling. During summer ship sampling,
the K-B corer was lowered slowly, using sonar to help position the
device 1–2 m above sediments prior to release. Upon retrieval, core
liners were plugged, capped, and transported to Portage View
Hospital where they were x-rayed to reveal the depths and condi-
tion of laminae, if present. Behind Sand Point in L’Anse Bay, some
cores had laminae sufficient for determination of 1902–1919 time
horizons, which provided additional time checks on 210Pb dating.
Two cores were selected for 210Pb dating (Huron Bay, HCB;
L’Anse Bay, KBB) to enable calculation of time horizons and fluxes
for Cu and Hg. The Huron Bay site had not experienced mining
effects, and was treated as a Lake Superior ‘‘Control Site”. In the
sediment core samples, 210Pb was measured as 210Po by alpha
spectrometry. The extraction and plating techniques of Eakins
and Morrison (1978) were used with 209Po as an internal standard.
Counting was performed in an Octete spectrometer (EG&G). Accu-
racy was verified using Baltic Sea sediment (IAEA-300), the refer-
ence material supplied by IAEA-MEL. Supported 210Pb was
calculated by averaging the deepest 4 to 5 samples where activities
were nearly constant. Focusing factors were based on an atmo-
spheric deposition rate for 210Pb of 167 Bq/m2yr (Urban et al.,
1990).
In the laboratory, cores were kept at 4 C until extrusion.
Extruded top sediments were sliced into 0.5 (top 10 cm) or
1.0 cm sections to a depth of 40 cm, then weighed, and subsampled
for dry weight determinations and metal analysis. Subsamples for
metal analysis were taken from the center of each core to minimize
perimeter contaminations from plastic liners. Sediment for metals
analyses was homogenized by vigorous stirring and a small sub-
sample (<0.5 g dw) placed into a pre-weighed Teflon digestion ves-
sel. For dry weight determination, another subsample was dried at
105 C for 25 h. Independent dry solid determination insured that
volatile mercury was not lost during processing. Trace metal grade
nitric acid solution (10 mL of 50% v/v) was added to each vessel and
the vessels tightly capped and re-weighted. Again, the samples
were digested in a Milestone Ethos 900 microwave digester (same
procedure: 2 min at 250W, cooled for 1 min, 5 min at 250W, 5 min
at 400 W, 5 min at 650 W, cooled for 5 min). Vessel seals were
inspected for pressure release to insure no loss of liquid during
the digestion process. Contents of vessels were then filtered
(0.45 mm Gelman Supor450), the volume adjusted to 25–40 mL
with deionized water, then the filtrate transferred to 60 mL
acid-leached polyethylene storage bottles. Digested samples were
analyzed at MTU for copper and mercury by atomic absorption
Table 3
Sediment core sites, latitude and longitude, water depths, copper (ppm) and mercury (ppb) values (top, bottom) and ratios of top to bottom.
Core Latitude Longitude Water Depth
(m)
Cu (top) Cu (bottom) Ratio Cu (top/
bottom)
Hg top Hg bottom Ratio Hg (top/
bottom)
HCB 46.8677 88.245 19.8 114.8 (4.7)
N = 13





KCA 46.8418 88.4003 12.3 101.2(10.2) N = 6 23.9(1.5)
N = 10
4.2 51.5(12.5) N = 6 11.4(2.8)
N = 14
4.5













22.9 94.8(32.2) N = 2 17.9(2.2)
N = 4
5.3
KB1 46.776 88.4696 20 399.0(1.4) N = 2 23.8(2.5) N = 4 16.8 42.4(13.2) N = 5 20.3(1.7)
N = 4
2.1
KBB 46.7642 88.4935 13.8 418.3(68.8)
N = 13












46.7761 88.4716 20 362.5(20.4) N = 5 34.8 N = 1 10.4 3.7(7.8) N = 6 39.5 N = 1 1.6
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spectrophotometry using a dedicated Perkin-Elmer Model 5000
AAS and by ICP-MS.
The 210Pb profile in the HCB core (Fig. 5a) appeared to be well
mixed throughout the top 2.5 cm and reached a constant back-
ground or supported activity below 10 cm. Between 2.5 and
10 cm depth, activity declined logarithmically with depth, suggest-
ing that sedimentation rates were nearly constant throughout this
zone. The linearity of the data in both HCB and KBB was improved
by using mass depth (mass per unit area; Fig. 5a,b) rather than
length (cm), perhaps indicating some compaction within the sedi-
ment profile. Application of the Constant Initial Concentration
model (Robbins and Edgington, 1975) to the linear portion of the
curve yielded a sediment accumulation rate of 0.028 g/cm2yr.
Application of the Constant Rate of Supply (CRS; Appleby and
Oldfield, 1978) model to the 210Pb data yielded very similar results:
0.025 g/cm2yr with a range of 0.014–0.048. While a profile of Cu
accumulation rates in this core can be calculated with these
results, assignment of exact dates could be misleading, as the large
mixing depth (2.5 cm) at the top of the sediments results in ‘‘fresh”
material being mixed downward and older material being mixed
upward. The historical record is thus smeared, and materials may
occur at depths corresponding to ages prior to their arrival at the
site. Biologically homogenized zones in Great Lakes sediments
may vary from 1 to 5 cm in thickness, consistent with the vertical
distributions of oligochaete worms and amphipods (Robbins,
1982). Consequently, we decided to proceed cautiously with time
determinations, presenting dating and flux calculations from both
deposition models (constant, variable) for the two dated cores, and
calculating mean fluxes over the entire Cu-rich upper interval. Two
models were applied: 1) Constant (CRS) Deposition (Appleby and
Oldfield, 1978; Robbins, 1978), where average mass flux = years,
and 2) Variable Sedimentation Rate, where age indicates changes
in mass deposition rate (Robbins and Edgington, 1975).
The 210Pb dating of the L’Anse Bay core (KBB) also involved con-
cerns. Some difficulties were expected, as L’Anse Bay had experi-
enced historical industrial perturbations from timber processing
and ship construction, as well as perturbations fromMassMill min-
ing. Consequently we took and x-rayed multiple cores (14 total)
from L’Anse Bay, checking for continuity of time horizons. In core
KBB (Fig. 5a), there was evidence for variable surface mixing,
although exponential decline of excess 210Pb was confirmed for log
plots against cumulative mass (Fig. 5b, R2= 0.940). The 210Pb profile
reached a constant background or supported activity below 11 cm.
However, certain aspects of the 210Pb dating for the KBB core were
less satisfactory than for core HCB. The semi-log depth profile of
210Pb activity (Fig. 5b) did not show a clearly well-mixed surface
layer, and had more scatter about the regression line. The scatter
suggests that sediment delivery to this site has been more variable
over time. In addition, the focusing factor (0.83) indicated a net loss
of sediment. The CRS model, while appropriate for the site, yielded
uncertainty about early ages (see Results). For this reason, we again
proceeded cautiously.We applied both Constant (CRS) and Variable
Sedimentation Models, plotted results, then calculated mean fluxes
in theupperCu-richzone. In thisway,meanCufluxes couldbe cross-
comparedbetween the twodated cores (ControlHuronBayHCBver-
sus L’Anse Bay KBB).
Anthropogenic inventory calculations. Inventories for anthro-
pogenic copper and mercury were determined by calculating the





where Ca is the anthropogenic metal in the core (mg g1 or ng g1)
summed over depth (t), Cb is the background concentration (mg g1
or ng g1) for the core and Mi is the dry mass of sediment in the core
Fig. 5. HCB and KBB core dating: a) For HCB Pb-210, dpm/g (counts per
minute/gram) shows exponential decline to constant value around 10 cm depth
(symbols = mean + 1SE). When HCB excess Pb-210 is plotted on a log scale versus
depth (as cumulative mass g/cm2), the shallow surface sediment appears well-
mixed (small diamonds), whereas values from 0.5 to 3.5 (large rectangles) fit a
linear regression equation well (y = 1.174x + 4.882; R2 = 0.977). b) For KBB, the
surface values also show scatter. When the log of excess Pb-210 is plotted versus
cumulative mass (g/cm2), values are linear, showing exponential decline. Again
there is a good linear fit (y = 0.851x + 3.086; R2 = 0.940), although with more
scatter around regression than in HCB.
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section (g cm2). In the circumstance where the core did not pene-
trate all the way to background levels, there will be a low-biased
inventory.
Watersamples. Dissolved concentrations of copper in Lake Supe-
rior waters are notoriously low (Rossmann and Barres, 1988;
Nriagu et al., 1995). To obtain surface water samples, an ultraclean
water sampling technique was applied using a 5-L Teflon-coated
Niskin bottle with Teflon coating attached to a polyester rope
(Aquatic Eco-system, Inc.) and tripped using a PVC messenger
(Wildlife Supply Co.). Water was filtered (0.4 mm Nucleopore) in
the lab for later analysis of total copper concentration. The storage
bottles were soaked in 0.1 M hydrochloric acid (Optima grade,
Fisher Scientific) for a week and rinsed with Milli-Q water three
times after being soaked in Milli-Q water over night. The bottles
were dried and packed in individual, pre-cleaned polyvinyl bags
before use in the field.
Total dissolved copper concentrations in the water samples and
the field blanks were measured with an atomic absorption spec-
trophotometer (Perkin-Elmer Co., Model AAS 3100) using elec-
trothermal atomization (Model HGA 600 Programmer) with an
auto-sampler (Model AS-60) and GEM software (EPA SW-846
Method 7211 Copper). The injection volume for copper measure-
ment was 40 mL. NIST standard reference materials (SRM 3172a
Multielement Mix B-1 and Plasma-Pure, Leeman Labs, Inc.) were
used to check accuracy, and the instrumental detection limit was
measured using Milli-Q water as a blank. The instrumental detec-
tion limit for copper was 96 ± 11 ng/L (mean ± SD), and copper con-
centrations of the procedural blanks were less than the detection
limit. Concentrations of copper (ng/L) in duplicate samples agreed
within 1.2%. Measured concentrations of Standard Reference Mate-
rials were within 12% of the reported values (90.3% recovery for
Multielement Mix B-1 and 88.1% recovery for Plasma-Pure,
respectively).
ICP/MS analysis. ICP/MS analysis of one L’Anse bay sediment
core (KCF) examined the elemental nature of the buried copper
peak, to see if other trace metal profiles, associated with stamp
sands were present. The ICP/MS for sediment metal survey studies
was a Finnigan MAT Element2 High Resolution Magnetic Sector
Mass Spectrometer Basic System, with CD-2 Guard Electrode and
a Cetac ASX-500 autosampler. The instrument was placed in a Class
100 Clean Room facility. The KCF core was analyzed for ten trace
metals (V51, Cr52, Cu63, Mn55, Fe56, Co59, Ni60, Zn64, Cd111, and
Pb208). Principal Components Analysis (SYSTAT) was run on the
correlation matrix for the ten metals in the core profile and used
to evaluate associations among the metals. An Analysis of Variance
(ANOVA) on the general regression (d.f. = 1,57) gave an F-ratio of
2200.9 and a p value 0.001, indicating that certain sets of metals
were strongly clustered and that the patterns within these sets
explained a disproportionate amount of the total variance. A Scree
Plot of factors (Eigenvalues, Latent Roots) indicated how much of
the total variance was explained by the trace metal clusters. We
produced both 3-dimentional (3-Factor) and 2-dimensional (2-
Factor) Principle Component plots, although only the 3-D are
shown here. Factor loadings indicated how individual elements
contributed to the Principle Component Axes, and helped separate
temporal trends due to stamp sands from local metal spills.
Results
Stamp Sand trace metal composition. Although patches of stamp
sands remain around the Coal Dock site, there is no conspicuous
central pile at the Mass Mill site. Consequently, we resorted to
comparing concentrations of trace metals in stamp sands from var-
ious amygdule piles (Table 2; see Methods). Beyond the chemical
make-up of basalt (aluminum, potassium, iron), stamp sands show
relatively high values for copper and several secondary trace met-
als. In addition, there is also lead, mercury, titanium, and uranium,
yet at levels that are relatively low. Trace metal concentrations that
exceed Ecological Risk Screening Levels for Aquatic Life (ERSL*;
Table 2) include aluminum, barium, chromium, iron, manganese,
nickel, vanadium, and silver. Copper stands out as exceptionally
enriched (PEL, Probable Effects Level**). Moreover, the high ratio
of copper to zinc is exceptional, relative to typical concentrations
in sediments, atmospheric deposition, and biota (Kerfoot et al.,
1999; Kolak et al., 1999). Mean concentrations of Cu from eight
amygdule stamp sand piles averaged around 0.30% copper
(SD = 0.07; N = 8), i.e. around 3000 ppm.
Magnitude of Mass Mill stamp sand discharges. Coastline mill
operations in Keweenaw Bay began nearly synchronously (Fig. 3).
Mass (1902), Mohawk (1901), and Wolverine (1903) mills opened
within three years of each other, then closed over a wider interval,
between 1919 and 1932. The two larger mills (Mohawk and
Wolverine) were situated next to each other in Grand (Big) Tra-
verse Bay, and sluiced a combined 22.7 MMt of tailings onto one
large coastal pile off the town of Gay. Relative to these two mills,
the Mass Mill was much smaller and discharged only around 2.7
MMt of tailings, about one-tenth the Gay total, into southern
Keweenaw Bay between 1902 and 1919. The discharge had two
modest peaks (Fig. 3, Table 1) during the 17-year interval.
Southward dispersal of tailings. Mass Mill was about 4 km north
of the present-day L’Anse Indian Reservation boundaries, at the
town site called ‘‘Keweenaw Bay” (Figs. 4, 6). Despite obligations
from the treaties of 1842 and 1854, the tribal L’Anse Indian Reser-
vation boundaries were not clearly defined until 1934, 14 years
after the mill closed. Discharged tailings were composed of two
fractions: around 7–14% fines (‘‘slime clay”) with the remaining
fraction in coarse (0.1–10 mm) ‘‘stamp sands” (Kennedy and
Chernosky, 1970). The first aerial photographs of the site in 1938
(Fig. 6, left) show some stamp sands accumulated around the
northern edges of the old Coal Dock cribbing, creating a prominent
angular protrusion off the shoreline. Coal Dock cribbing remnants
were still evident from 1962 to 1997 (Vitton and Williams,
2008). However, wave and current action was sufficiently strong
by 1938 to move most of the discharged tailings two thirds of
the way down the coastline to Assinins (see light coastal region,
Fig. 6, left).
Periodic over-flights document progressive movement of stamp
sands southwards along the coast and eventual accumulation onto
Sand Point (light grey region, Fig. 6, right). Today, along the north-
ern coastline from the Mass Mill site to the Little Carp River, there
are only scattered patches of black beach sands. In the lower half of
the coastline stretch, from the Little Carp River down to Sand Point,
stamp sands are continuously present along the beach, but mix
with natural sand bars (originating from cliff talus slopes) that
move along the Assinins Coastal Shelf. On Sand Point, the migrat-
ing stamp sands accumulated along the outer edge of the natural
sand shoal, enclosing two outer ponds (compare Fig. 6 left panel
with right panel). There is a surprisingly steep (80 m) drop-off
along the eastern edge of Sand Point, right before the Lighthouse
and the sill that marks the beginning of L’Anse Bay. From the Light-
house around the southern edge of Sand Point, natural sand covers
the recent beach. Near the Lighthouse, some stamp sand grains
have dispersed across the pond entrance to intermix with white
beach sands.
Ponar samples of surficial sediments: Copper and mercury concen-
trations. Features of Keweenaw Bay (Fig. 4a) include: 1) a shallow
western shelf from the town of Keweenaw Bay to Sand Point, 2)
the deep central Keweenaw Trough, that rises to the elevated sill
that marks the beginning of L’Anse Bay, and 3) the relatively shal-
low depths of Pequaming and L’Anse Bays. The Pequaming shelf is
more subject to wave action, due to prevailing westerly winds,
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whereas L’Anse Bay is relatively protected. L’Anse Bay is character-
ized by deposition of finer sediments and rich organic matter from
several stream mouths (Bieberhofer, 2002). Ponar sampling sites
were initially spread in a rectangular grid-like pattern across the
lower Keweenaw and Huron Bays (Fig. 4b), but successful grab
retrieval reflected more the distribution of sand to fine-grain envi-
ronments (ESM Table S1). Shallow shoreline environments from
the Mass Mill site at the ‘‘Keweenaw Bay Community” to Assinins
often contained boulder and cobble fields, with scattered sand
patches and bars. Coarse substrates resulted in only two samples
(KP18, KP12-1) near the western shore of Keweenaw Bay. Dupli-
cate sub-sampling of sediments demonstrated the repeatability
of copper measurements (61 paired values, r = 0.987, p  0.001).
Some of the features of Mass Mill tailings dispersal are related
to the bathymetry of the southern Keweenaw Bay region. The spa-
tial distribution of grain sizes largely reflects water depth. Depth
and sediment mass mean diameter (both log-transformed) are sig-
nificantly negatively correlated in both Keweenaw (r = 0.36,
p < 0.05) and Huron (r = 0.70, p < 0.01) Bays. Together, in Ponar
samples, there was also a significant inverse relationship between
mean particle size and water depth (ESM Table S1; N = 61,
r = 0.479, p < 0.001). Fine sediments (mass mean diameter
(MMD) of < 200 mm) were largely confined to the deep waters of
the Keweenaw Trough and the relatively shallow waters of L’Anse
Bay. Particle size analysis also stressed the high sand content of
beaches along the eastern wave-swept shoreline. The eastern
white sand beaches extend from Pequamming Bay down to L’Anse
Bay. The finer sediments in L’Anse Bay (300 mm > MMD > 200 mm)
were generally not as fine as those found in the Keweenaw Trough.
Ponar grabs presumably sampled down to 6–10 cm in surface
sediments (see Methods), deep enough to include much of the last
century of Lake Superior sediments (Fig. 1b, Kerfoot et al., 1999).
Copper concentrations in offshore Ponar samples ranged from 4.1
to 554.6 mg/g (ppm), whereas mercury concentrations ranged from
2.6 to 256.7 ng/g (ppb). Copper and mercury concentrations in sur-
face sediments spanned a much wider range in Keweenaw Bay (Cu,
10–555 mg/g; Hg, 2–257 ng/g) than in Huron Bay (Cu, 3–152 mg/g;
Hg, 3–164 ng/g; Table 3), likely a consequence of tailings input
from Mass Mill (ESM Table S1). Overall, both copper and mercury
concentrations were significantly correlated with water depth
(Cu, r = 0.555; Hg, r = 0.521; p < 0.01 for both). When contoured
(Fig. 7), the highest values for copper were found in sediments of
the Keweenaw Trough and in lee waters behind Sand Point, off
the Baraga Marina site in L’Anse Bay. The bathymetric patterns
suggest that fine-grained slime clays dispersed early from Mass
Mill, drifted across the bay and settled into the Keweenaw Trough.
Under the influence of southward-directed long-shore currents,
the fines also dispersed around Sand Point into L’Anse Bay, off
the present-day Baraga Marina (see Sediment Core Records below),
documenting that the fine fraction of slime clays settled in quiet
water behind Sand Point, perhaps during the ice cover of winter,
and locally increased sediment accumulation.
At the control site in Huron Bay, copper concentrations were
much lower. Highest values again occurred down the central
depression of the bay, in fine sediments off Witz’s Marina, and
on the deep shelf southwest of Skanee. Metal concentrations do
not show a monotonic relationship with sediment grain size in
Keweenaw Bay, whereas in Huron Bay, concentrations of both Cu
and Hg do increase monotonically with decreasing grain size. If
Huron Bay is regarded as a ‘‘Control” site, the range of Cu
(4–152 mg/g) and Hg (3–164 ng/g) concentrations, as well as the
ratios (Hg:Cu, median 1.23 mg/g), serve as an example of nearby
Lake Superior conditions.
The coarse-grained fraction (stamp sands) moved more slowly
southward along the coastline from Mass Mill to Sand Point
(Fig. 6). Moreover, the black beach sands incorporated natural
sands along the journey. At the Mass Mill site (Coal Dock), stamp
sand percentages in sand mixtures are high, around 70%. As men-
tioned earlier, scattered pockets occur between Mass Mill and Assi-
nins. These patches record mixtures of 28–50% stamp sand.
Continuous black sand beach deposits between Assinins and Sand
Point contain mixtures of around 40–50% stamp sand. Inner mar-
gins of the remnant patches of black sands are dark, whereas outer
margins seem lighter in color, with stamp sand percentages declin-
ing to 22–32% along edges and nearshore bars. Dilution along
shoreline edges again suggests recent incorporation of natural
sand. Underwater sand bars along the coastal shelf from Assinins
to Sand Point contain stamp sand percentages of only 27–11.4%.
Deeper Ponar samples show stamp sand percentages in shelf
regions decline below 10% with copper concentrations below
150 ppm (Fig. 7). Lower stamp sand percentages in shelf deposits
are consistent with previously determined low specific gravity
measurements (MDEQ, 2001). For example, the specific gravity of
most pure stamp sand samples is ca. 2.9, whereas native quartz
sand is around 2.65. The USACE average for 8 samples of underwa-
ter nearshore sand near Assinins was 2.71, suggesting a mixture of
only 31.6% stamp sand.
When offshore Ponar copper and mercury concentrations are
plotted against each other, the correlations are relatively strong
(Fig. 8, Table 4; d.f. = 57, R2 = 0.608, p < 0.001). However, values
for mercury are relatively low, reaching a maximum of only
Fig. 6. Aerial photographs (1938 left; present right) show migration of stamp sands
along the shoreline south from the town of Keweenaw Bay to Sand Point. In the
1938 photo, stamp sand appears scattered as a lighter-colored beach deposit
extending 2/3rd of the way down the coast. In the more recent image (right), stamp
sand appears as a light grey beach deposit extending from Assinins continuously
onto Sand Point (northeast of Baraga), completely bordering the two outer ponds.
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250 ppb. Moreover, the regression has only a 1/3 slope, indicating
that mercury increased much less than copper.
Water samples. Total dissolved copper concentrations in surface
waters (Table 5) from Keweenaw Bay vary from 1127 ng/L to
2217 ng/L (i.e. 1.1–2.2 ppb). Low concentrations in Keweenaw
Bay and Huron Bay are consistent with previous studies of surface
waters off the Keweenaw Peninsula (range 800–1600 ng/L;
0.8–1.6 ppb; Jeong, 2002). Likewise, copper concentrations from
above the sediment–water interface of Huron Bay (1202 ng/L;
CV = 5.6%, N = 3) and Pequaming Bay (1415 ng/L; CV = 6.7%,
N = 3) are similar to concentrations out in deeper waters of Kewee-
naw Bay. However, samples above the sediment–water interface
near the Baraga Marina (4800 ng/L; i.e. 4.8 ppb; CV = 3.8%, N = 3)
are much higher, suggesting active release of Cu concentrations
from sediments up into the water column. We must point out that
all the Lake Superior concentrations are 1–2 orders of magnitude
lower than those found in the KeweenawWaterway Superfund Site
(Torch Lake 18,300–120,000 ng/L; Portage Lake 7700–40,000 ng/L;
Lopez-Diaz, 1973, Leddy, 1973, Brandt, 1973, Lytle, 1999).
Sediment core records. Original core profiles from Keweenaw Bay
(Fig. 1b) indicate a strong historical buried copper peak as one
moves southward into L’Anse Bay. We took additional cores to
investigate the depth and time relationships of Cu and Hg profiles,
and the chemical nature of the buried peak. The locations of ana-
lyzed sediment cores in the southern reaches of Keweenaw Bay
are shown in Fig. 4c with locations listed in Table 3. Graphing
the concentration profiles against core depth on the same scale
(Fig. 9a) emphasizes the increased copper amount (anthropogenic
inventories, see Methods) in L’Anse Bay compared to the Control
site in Huron Bay. In Huron Bay, copper concentrations increase
from background values of 19.5–25.6 mg/g (ppm), up to around
116.3–120.2 mg/g, and plateau around those values, not declining.
In L’Anse Bay, copper concentrations in cores LB, KCF and KBB
increase from comparably low background values of 12.8–29.1 m
g/g (ppm) up to buried peak values between 542 and 831 mg/g,
i.e. substantially higher levels. Ratios of mercury to copper also
show differences: ratios are high in Huron Bay (HCB), but relatively
low in Keweenaw Bay cores (KCA, KCF). In L’Anse Bay, peak Cu
Fig. 7. Ponar sediment copper concentrations contoured across southern Keweenaw Bay. Values for contours and points are provided in the right-hand legend. Copper
appears enhanced in the deep ‘‘Keweenaw Trough” region, and around the lee of Sand Point, off the Baraga Marina.
Fig. 8. Correlation between copper and mercury concentrations in Ponar samples.
Notice that the scale for the two variables is quite different (Cu in mg/g; Hg in ng/g)
and that the slope is not 1:1 (Y = 0.356X + 21.5). Moreover, concentrations of
mercury are relatively low. Although the R2 value is highly significant (R2 = 0.608,
p = <0.001; d.f = 57), Hg is increasing at only one-third the rate for Cu (slope = 0.36).
Table 4
Regression of mercury on copper concentration, Ponar samples from Keweenaw Bay, Lake Superior (N = 59; r2= 0.639; Cu mean = 128.5 ug/g; Hg mean = 70.4 ng/g). Regression
constants given on top, analysis of variance on bottom.
Effect Coefficient Std Error t P
Constant 21.2 6.9 3.0 0.003
Slope 0.383 0.038 10.1 0.000
Source SS df Mean Sq F-ratio P
Regression 144,876 1 144,876 101.1 0.000
Residual 81,696 57 1433
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values range from 517 mg/g at KBA, 542 mg/g at KCF, and 582 mg/g at
KBB, to as high as 829 mg/g at KBI, and 831 mg/g at Station 3
(Fig. 9b). Again, the L’Anse Bay core values emphasize the excess
of Cu relative to Hg. After achieving peaks, copper concentrations
decline to around half in surface strata, down to 292–403 mg/g.
Copper profile shapes seem similar, although peak copper con-
centrations appear deeper (down to 22–24 cm; Fig. 9b) in some
L’Anse Bay cores. Early Mass Mill contributions (1902–1919) may
have moved rapidly via long-shore currents around the lee side
of Sand Point and deposited more sediment near the present-day
Marina location. X-rays of cores just north of the Marina (Fig. 9c),
ones that have greater deposition of sediments, reveal laminated
fine slime clay layers, direct evidence for the 1902–1919 Mass Mill
annual releases. The laminae not only suggest early long-distance
slime clay dispersal into L’Anse Bay, but also enhanced sediment
accumulation rates. For example, sediment deposition just north
of the Marina site averaged 0.44–0.56 cm/yr during the laminated
interval, compared to 0.13–0.15 cm/yr out in mid-bay.
In the x-rayed cores (Fig. 9c), above the bottom laminated
layer, there is a transition upward into irregular light layers and
into a scattered, coarse-grained interval. The coarse-grained layer
probably marks the time when coarse stamp sands arrived at
Sand Point (aerial photographs suggest mid-to-late 1960’s). The
uninterrupted initial sequence of fine strata suggests 1) probable
deposition under ice, i.e. quiet water conditions; and 2) that the
high copper concentrations may have interfered with benthic bio-
turbation, i.e. restricting mixing of sediments. Today, winter con-
ditions are marked by ice cover, from Pequaming through L’Anse
Bay.
Table 5
Dissolved copper concentrations in deeper waters of Keweenaw Bay (N = 3). Depth in meters (ft) and concentrations in ppb. For sampling details, see Methods.
Latitude Longitude Water Station m Depth (ft) Concentration (ppb)
46.8046 88.4469 1 11.0(36) 1.730
46.7815 88.4578 2 52.1(171) 2.217
46.7672 88.4738 3 24.4(80) 1.573
46.7773 88.4790 4 81.7(268) 1.127
Fig. 9. Sediment core profiles for copper and mercury: a) Copper and mercury
concentrations (mercury ng/g, ppb; copper mg/g, ppm) are plotted on the same scale
for the Control Area (Huron Bay) and L’Anse Bay. Whereas both copper and mercury
concentrations increase at depth in the two sites, the increase in copper concen-
trations is much greater for the L’Anse profile, changing ratios. b) Several core
profiles from L’Anse Bay show variation in Cu and Hg profiles. In L’Anse Bay, Cu
profiles seem similar, but depth differences suggest site changes in gross sedimen-
tation. Notice how the Cu concentration reaches a peak, then declines to about half
the original value in surface strata. c) an x-ray image of a core between Sand Point
and the Baraga Marina shows fine copper-rich laminations (early Mass Mill slime
clays) progressing upwards into large-particle strata (perhaps indicating arrival of
stamp sands on Sand Point).
Fig. 9 (continued)
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In the Huron Bay to L’Anse Bay profiles, although increases in
mercury concentrations are correlated with copper concentrations,
mercury levels are relatively low. Pequaming (KCA) mercury
profiles show an increase from background concentrations of
10–11 ng/g (ppb) to approx. 52 ng/g (Table 3). Cores HCB and
KCF show an increase from background values of 23–28 ng/g
(ppb) to 97–115 ng/g, both reaching prolonged plateaus. Mercury
concentrations are slightly higher in KCA relative to HCB and
KCF, and are similar in the last two, although mercury inventories
increase slightly in L’Anse Bay cores (329–444 ng/cm2).
Application of 210Pb dating techniques to sites HCB and KBB
allowed calculation of mean copper fluxes. Establishment of
chronologies was complicated at both sites by evidence for surface
mixing, which smears out dated intervals. Proceeding cautiously,
we applied both constant and variable deposition models and
calculated mean fluxes for upper, Cu-rich strata (Table 6,
1900-present). Both the constant (consistent) and variable deposi-
tion models at site HCB indicated that increases in copper took
place early in the 1900’s (Fig. 10a), consistent with the Mass Mill
discharges (1902). However, because of temporal blurring, caution
must be taken with exact time interpretations. When plotted as
mg/m2/yr, the HCB copper flux baseline values from the consistent
deposition model were 7.8–9.5 mg/m2/yr at 15–10 cm depth,
increasing to plateau at 41–45 mg/m2/yr between 8 cm and the
surface. The variable deposition model showed a more gradual
increase, reaching much higher values around 58 mg/m2/yr by
2000. At HCB, mean ± 95% C.I. Cu fluxes were 42.0 ± 2.0 mg/m2/
yr for ‘‘constant” and 34.9 ± 8.5 mg/m2/yr for ‘‘variable” deposition
model results (Table 6).
In L’Anse Bay cores, there was again evidence for changes in
sedimentation rate in both time and space. Again, we proceeded
cautiously at the KBB site by applying both deposition models
(constant, variable) and calculating mean rates. The modeled time
of initial Cu increases was off the established Mass Mill timetable
by about 25 years early (Fig. 10b), perhaps a consequence of tem-
poral ‘‘blurring”. Fortunately, at this site, both models produced
comparable mean Cu flux estimates (Table 6; constant 91.8 ± 9.4
mg/m2/yr, variable 89.3 ± 18.8 mg/m2/yr) for upper strata. Com-
paring the two sites (Table 6; Huron Bay vs L’Anse Bay), mean
post-1900 Cu fluxes in L’Anse Bay sediments were around
2.4–2.6X Control (Huron Bay) fluxes. Using 11 additional x-rayed
cores to follow time horizons, mean Cu fluxes for L’Anse Bay aver-
aged slightly higher than core KBB, giving an approximate mean
flux of 144 mg/m2/yr for the elevated copper zone (Table 6). With
this value, copper fluxes and inventories in L’Anse Bay were 2.9X
higher than typical Lake Superior values, and 3.4–4.1X higher than
the Control (Huron Bay) site. However, to place L’Anse Bay into
perspective, the Cu fluxes were only half (56%) Portage Lake
(Keweenaw Waterway Superfund Site) levels (Table 6).
Fig. 9 (continued)
Table 6
Upper strata copper fluxes (mg/m2/yr) and inventories (mg/cm2) from sediment cores, contrasting seriously disturbed environments with less mining influenced sites. The Portage
Lake portion of the Keweenaw Waterway (multiple stamp mills and smelters) is compared with L’Anse Bay (Mass Mill influenced) versus the more protected Huron Bay (no
mining, Lake Superior). Surface Cu fluxes are from strata above the copper peak. Disturbed sites (Portage Lake, L’Anse Bay) are further contrasted with deep-water Lake Superior
sites. Lake Superior values compare focusing-corrected (Cs-137)* and non-corrected values. The value N is the number of cores, except in KBB and Huron Bay, where it is the
number of strata from a single dated core, taken above the Cu peak. C.I. is confidence interval on the mean.
Surface Fluxes (mg/m2/yr)
Site N Range Mean ± 95% C.I. SD
Portage Lake 18 30–570 255 ± 82 348
L’Anse Bay 11 77–198 144 ± 11.8 17
KBB (constant)# 13 71–128 91.8 ± 9.4 15
KBB (variable)# 12 21–107 89.3 ± 18.8 29
Huron Bay (constant)# 14 31–45 42.0 ± 2.0 3.4
Huron Bay (variable)# 14 16–59 34.9 ± 8.5 14.2
Lake Superior 16 11–199 50.3 ± 25.9 47
Lake Superior (corrected)* 16 11–77 31.1 ± 10.2 18.6
Anthropogenic Inventories (entire core; mg/cm2)
Site N Range Mean ± 95%C.L. SD
Portage Lake 20 1081–20,163 8711 ± 2307 4934
L’Anse Bay 3 2315–2968 2665 ± 742 329
Coastal (KITES)* 22 10–2968 497 ± 407 896
Lake Superior* 29 45–1130 227 ± 92 243
Lake Superior (corrected)* 30 45–472 161 ± 34 90
*Kerfoot et al. 2002.
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ICP-MS studies. Analysis of ten trace metals (V51, Cr52, Cu63,
Mn55, Fe56, Co59, Ni60, Zn64, Cd111, and Pb208) by ICP-MS was also
performed on the KCF core to determine what other metals are
associated with the buried copper peak. In the ICP-MS analysis,
metals were run on 0.5 cm slices down to 15 cm depth, and ele-
ment plots arranged by relative concentration (Fig. 11 a,b,c). A cor-
relation matrix summarizes the associations among metals
(Table 7). Many correlations were evident in the matrix. The three
siderophiles (Fe, Mn, V) were highly correlated with each other
(r > 0.9), indicating a common crustal origin and behavior. Chro-
mium was not strongly correlated with any other metals and
was an example of a local waste spill (discussed later). Copper
was correlated with both the siderophiles and with a suite of other
trace metals (Zn, Ni, Cd, Pb) characteristic of stamp sands.
Principal Components Analysis (PCA) was used to visualize
associations among elements. The Scree Plot (Fig. 12a) shows that
the first three Factors (components) had latent roots (eigenvalues)
of 6.5 (Factor 1), 1.6 (Factor 2), and 1.0 (Factor 3). The variance
explained by the first three Factors was 65.3%, 15.8%, and 9.6% of
total variance, respectively, amounting to 90.7% for the first 3
eigenvectors. The additional Factors have latent roots (eigenvalues)
that are much less than 1.0, i.e. contributing little more than ran-
dom variables, although a chi-square test (CSQ = 65.2, d.f. = 26.9)
on the last 7 eigenvalues does suggest some significant unequal
contributions (p = 0.0001).
If we limit ourselves to the first three Factors (Fig. 12b), high
loadings on the first Factor involved seven metals known to be in
stamp sands (V, 0.951; Mn, 0.930; Fe, 0.930; Cu, 0.907; Zn,
0.895; Ni, 0.870; Pb, 0.842) with moderate loadings from another
two (Cr 0.306; Co, 0.498). Many of these trace metals are in mod-
erate to high concentrations and the correlations are all positive.
High loadings on the second Factor were restricted to three trace
metals with mixed positive and negative correlations: Co (0.830),
Cd (0.670), and Pb (0.494).
Also, these three trace metals are somewhat scarce (low con-
centrations in sediments). Metals in the second Factor may have
come from local sources. Loadings on the third Factor come almost
exclusively from Cr (0.986); a single, prominent chromium spike
that reached a high concentration of 445 lg/g (ppm), then quickly
was reduced back to the 24–43 lg/g (ppm) range above and below
the peak. The Cr peak marks a reported chromium spill from a local
manufacturing plant (1989 Pettibone Lift Company chromium-
plating spill) registered with the MDEQ. The date provides another
time horizon.
In summary, the cores from L’Anse Bay clearly record elevated
inputs of copper and a suite of associated metals. The most likely
source of these metals is the stamp sands discharged by Mass Mill.
The timing, flux pattern, and elemental composition are represen-
tative of releases from the Mass Mill. Although concentrations of
Fig. 10. Copper Fluxes: a) HCB Profile: Profile shows fit to both Constant
(consistent) and Variable Sedimentation Rate Models. In both models, copper flux
is initially low before 1900, around 0.8–1.8 mg/cm2/yr, then increases to
4.4–5.8 mg/cm2/yr between 1925 and 2000. The Constant Model shows values
increasing after 1900, reaching a plateau of 4.0–4.5 mg/cm2/yr between 1925 and
2000. The Variable Model also indicates increase after 1900, but increases more
gradually to 2000. Mean values from both models are comparable (Table 7). b) KBB
Profile: Figure compares Constant (consistent) and Variable Sedimentation Model
results. Copper flux is initially low in the 1800’s, then increases to between 6.0 and
12.4 mg/cm2/yr in upper strata. Results are variable, but means from both models
are very comparable (Table 7). However, initial dates in KBB appear off. Comparing
mean Cu fluxes of Huron and L’Anse sites, the copper flux in L’Anse Bay is more than
double the post-mining flux at the Control Site in Huron Bay.
Fig. 11. Sediment profiles for different elements in the ICP-MS analysis of L’Anse
Bay core KCF: a) Cobalt (Co59) and cadmium (Cd111), two relatively scarce metals
(4–18 mg/g), b) Vanadium (V51), nickel (Ni60), zinc (Zn64), and lead (Pb208), four mid-
range concentration elements (10–175 mg/g), and c) Chromium (Cr52), manganese
(Mn55), and copper (Cu63), three relatively high concentration metals (peaks
between 440 and 1050 mg/g). Notice how all metals increase from lows at 15 cm
core depth to achieve peak densities in mid-strata, and that many of the profiles
appear correlated.
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metals are declining, elevated concentrations and fluxes at the sed-
iment surface suggest that active cycling of metals associated with
the stamp sands is still occurring in the bay.
Discussion
Distribution of copper in surface sediments
Copper concentrations are elevated in Keweenaw Bay sedi-
ments relative to the Control area, Huron Bay. Approximately
60% of Ponar samples from Keweenaw Bay had Cu concentrations
higher than the highest concentration observed in Huron Bay.
These ‘‘contaminated” sediments are distributed primarily in the
Keweenaw ‘‘Trough”, the broad basin of Keweenaw Bay, and in
L’Anse Bay. The eastern shorelines of Keweenaw (Pequaming
Bay) and L’Anse Bays have Cu concentrations no higher than those
found at the Control site. This distribution is consistent with
copper-enriched fine particles dispersing eastward and southeast-
ward from the Mass Mill and being trapped in deep water, deposi-
tional basins of the bay (Keweenaw Trough) plus being deposited
on the lee side of Sand Point in L’Anse Bay.
Ratios of Hg:Cu exhibit different patterns in Keweenaw and
Huron Bays also as a result of the stamp sand contamination in
Keweenaw Bay. Ratios of Hg:Cu (mg/g) are higher in Ponar samples
from Huron Bay (1.49 ± 0.46, mean ± 95% confidence interval) than
in Ponar samples from Keweenaw Bay (0.48 ± 0.07). Similarly, Hg:
Cu ratios in the Huron Bay core range from 1.0 to 1.5 mg/g,
whereas those in the Keweenaw Bay cores range from 0.3 to
0.5 mg/g (Fig. 9a,b). Mercury in lake sediments reflects atmo-
spheric deposition as well as local geological sources. Although
the concentration of Hg increases systematically with decreasing
particle size in Huron Bay sediments, the Hg:Cu ratio shows no sys-
tematic variation with particle size (r = 0.263, p = 0.214). The aver-
age value in Huron Bay Ponar samples is not significantly different
from the average value (1.12 ± 0.36, mean ± 95% CI) for Lake Supe-
rior sediments calculated as the ratio of total sediment inventory
(0–20 cm) of Hg:Cu in 24 sediment cores located away from the
Keweenaw Peninsula (Kerfoot et al., 2002). However, the Hg:Cu
ratio in Keweenaw Bay sediments results from a mixing of ‘‘natu-
ral” sediments with stamp sands that have a much different ratio.
Kerfoot et al. (2002) report Hg and Cu concentrations in stamp
sands from 12 locations on the Keweenaw Peninsula; the mean
value (±95% CI) was 0.026 ± 0.001 mg/g. That is, the ratio in stamp
sands is much lower than in lake sediments without such contam-
ination; mixing of stamp sands with lake sediments results in the
intermediate ratios seen in Keweenaw Bay (Fig. 9a,b). Even sedi-
ments with low Cu concentrations in Keweenaw Bay have lower
Hg:Cu ratios than those in Huron Bay, again possibly a result of
an admixture of low amounts of stamp sands in these sediments.
Application of end-member mixing to Hg:Cu ratios suggests
that sediments near Sand Point contain large amounts of stamp
sands. The ratio of Hg to Cu may be used to estimate the fraction
of sediments that are stamp sands at each of the Ponar sampling
sites, if it is assumed that Cu and Hg weather (are released from
particles) at the same rates such that the ratio does not change
Table 7
Trace metal correlations across different depths of core KCF, L’Anse Bay. This correlation matrix was ultilized in the Principle Components Analysis.
V Cr Mn Fe Co Ni Cu Zn Cd Pb
V 1
Cr 0.307 1
Mn 0.915 0.226 1
Fe 0.933 0.213 0.971 1
Co 0.514 0.114 0.641 0.712 1
Ni 0.796 0.363 0.799 0.794 0.450 1
Cu 0.808 0.177 0.761 0.784 0.403 0.727 1
Zn 0.796 0.235 0.829 0.787 0.353 0.692 0.821 1
Cd 0.653 0.105 0.478 0.456 0.196 0.563 0.662 0.598 1
Pb 0.726 0.214 0.633 0.616 0.039 0.686 0.877 0.818 0.875 1
Fig. 12. Principle Components Analysis of elemental profile data: Scree Plot (right side), showing eigenvalues for various factors. The greatest amount of variance explained is
found in the first 3 factors, accounting for 90.7% of all variance. Factor Loading Plot (left side), showing how various elements load on the first three factors. Notice how a
combination of vanadium (V), nickel (Ni), zinc (Zn), copper (Cu), lead (Pb), and cadmium (Cd) all load heavily on Factor 1 (similar to stamp sands, see text), whereas chromium
(Cr) loads strongly on Factor 3 and cobalt (Co) and cadmium load moderately on Factor 2.
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over time. Using the end-member ratios given above, the fraction
of stamp sands in Keweenaw Bay Ponar samples is calculated to
range from ~40% to 97%. This distribution of stamp sands within
the bay differs somewhat from the surface distribution of copper
concentrations (Fig. 7). Now the lowest stamp sand amounts are
around Pequaming and in the southeast area of L’Anse Bay,
whereas the highest stamp sand amounts are adjacent to Sand
Point.
Mass Mill contribution to the metal ‘‘Halo” and post-clearance
sedimentation
Sediment core concentrations, inventories, and accumulation
rates of copper show a prominent anomaly, the copper-rich ‘‘halo”
around the Keweenaw Peninsula (Fig. 1a; Kerfoot et al., 2002,
2004). Deep-water sites in Lake Superior usually have relatively
low metal concentrations in bottom strata, with increases only in
the top few centimeters (Fig. 1b). In thirty-one sediment cores col-
lected by NOAA in 1983 and distributed evenly across Lake Supe-
rior, surface copper concentrations ranged from 47 to 281 mg g1
(mean 164.3 ± 22.1 mg g1; CV = 37%; Kerfoot et al., 2002). How-
ever, sediment cores taken near the Keweenaw Peninsula had
markedly higher surface copper concentrations (200–400 mg g1;
Kerfoot and Robbins, 1999) similar to values observed in this study
(292 to 831 mg g1 in L’Anse Bay cores). This distribution is a result
of human activity because copper concentrations at depth in cores
are relatively uniform throughout Lake Superior (20–85 mg g1;
Nussman, 1965; Mudrock et al., 1988; Kemp et al., 1978; Kolak
et al., 1998; Kerfoot et al., 2002, 2004), whereas higher anthro-
pogenic copper inventories occur in sediments near the Keweenaw
Peninsula. Anthropogenic inventories are calculated by subtracting
background concentrations from total copper concentrations, mul-
tiplying the corrected concentrations by bulk density, and sum-
ming the copper masses per unit area within the entire core (see
Methods). In the deep waters of Lake Superior, total copper anthro-
pogenic inventories typically range from 45 to 421 mg cm2
(mean = 194.9 mg cm2; SD = 168.6; CV = 87%, N = 44; Kerfoot
et al., 2002). Inventories as high as 2000 to 3000 mg cm2 have been
reported from cores collected near the Keweenaw Peninsula
(Kerfoot et al., 2002, 2004). Cores collected in this study confirm
this pattern; both surface concentrations (324–403 mg g1) and
anthropogenic inventories (1850 to 4360 mg cm2) were much
higher in Keweenaw Bay than in Huron Bay (118 mg g1,
300 mg cm2) even though concentrations deep in the cores
(15–24 mg g1) were comparable (Table 6).
Ratios of copper concentrations at the sediment surface to deep
concentrations support the contention that the high enrichment in
this area of the lake is caused by mining. The ratio of surface cop-
per concentrations to background values in Lake Superior generally
varies from 1.6 to 8.9 (mean ± 95% C.I. = 3.1 ± 0.2, CV = 41%; Kerfoot
et al., 2002). In proximity to the Keweenaw Peninsula, ratios of
10–20 are observed (e.g., Kerfoot and Robbins, 1999). In this study,
ratios of present day to background concentrations ranged from 5
at the Control site to 21 at the mining impacted sites.
The metal profiles for core KCF from L’Anse Bay indicate that the
stamp sands affect other metals besides Cu. Both correlation and
PCA analyses point to the association of several other trace metals
with copper in the core profiles. Included in this secondary suite
are zinc, nickel, cadmium, lead and vanadium. While this study
focuses on copper, similar conclusions can likely be drawn for all
members of this secondary suite of metals.
The Mass Mill contributed only 2.7 of the 64 MMT of stamp
sands that were deposited along the Lake Superior shoreline. Some
additional inputs continue to arrive as dissolved and particulate Cu
in streams and rivers. Assuming an average copper concentration
of 0.4% in stamp sands (Kerfoot et al., 2002), the amount of
anthropogenic copper released along the entire Keweenaw coast-
line was approximately 256  103 metric tonnes, about 2.4 times
greater than the entire anthropogenic sediment burden
(ca. 108  103 metric tonnes) of copper estimated from deep-
water Lake Superior sediments (Kerfoot et al., 2002). The output
from Mass Mill amounted to approximately 10,800 metric tonnes
of copper. Based on the average inventory of anthropogenic copper
in cores from L’Anse Bay and assuming that only 50% of the bay area
accumulates fine sediments, only approximately 1% of copper
released from Mass Mill currently resides in L’Anse Bay. This is
not surprising, given that only fine particles (~7–14% of total stamp
sands) initially moved into L’Anse Bay. The Ponar samples, while
inadequate to calculate the stamp sand or copper inventory in
Keweenaw Bay north of Sand Point, strongly suggest that a large
reservoir of stamp sands persists broadly and relatively close to
the sediment surface (Fig. 7). This reservoir continues to release
copper to the overlying water. A larger amount of copper persists
in the black sands along the beach and on Sand Point. Stamp Sands
continue towash up on the beach at Sand Point. Even this small cop-
per mill, that operated only for 20 years and went out of business
100 years ago, resulted in amajor input of copper into the nearshore
region and that input continues to affect the lake to this day.
Enhanced copper cycling
The settling flux of copper to the sediments in all areas of Lake
Superior is much larger than the atmospheric deposition of copper
to the surface of the lake. Although sparse, monitoring suggests rel-
atively low regional Cu fluxes from atmospheric deposition. Early
monitoring by OMEE (Ontario Ministry of Energy and the Environ-
ment) indicated rates between 0.13 and 0.19 mg cm-2yr1 (Kolak
et al., 1998). More recent results from the National Atmospheric
Depositional Program (NADP) indicate a flux of 0.31 mg cm-2yr1
to Lake Superior, higher than that to L. Michigan (0.19 mg cm-
2yr1), but lower than that to L. Erie (0.42 mg cm2 yr1) (Sabin
et al., 2005). These rates are less than a tenth the rate of Cu accu-
mulation in the surface sediments of Huron Bay (3.0–3.7 mg cm-
2yr1, Fig. 10a). For cross-reference with recent studies, the values
are converted to mg/m2/yr in Table 6. The sediment Cu accumula-
tion rates were already corrected for focusing using 210Pb invento-
ries. The discrepancy between atmospheric deposition and
accumulation in the sediments suggests that the major source of
copper to Lake Superior is from watershed and industrial sources
than from the atmosphere.
Watershed erosion could contribute metals from natural metal-
rich strata as well as being enhanced by a variety of post-clearance
anthropogenic activities. So how do flux values compare with sus-
pected watershed erosion? Sediment inputs into North American
inland lakes have averaged 3–4 times pre-colonial values, largely
as a consequence of forest clearance, agricultural activity, road
and city infrastructure developments (Davis, 1976; Drevnick
et al., 2012). Values increase to 6-fold in agricultural Midwest
regions (Heathcote et al., 2013). In Lake Superior, post-clearance
sedimentation averages only around 2-fold pre-clearance levels
(Kemp et al., 1978). Given the relatively low human activity in
the Superior basin, it is thus not surprising that recent Cu accumu-
lation rates in Huron Bay, our Control area, are only about three
times higher than background rates. Yet in mining-impacted
L’Anse Bay, sediment Cu accumulation (flux) rates are 8.2 mg cm-
2yr1 or roughly 30 times the rate of atmospheric deposition
(Fig. 10b, Table 6). This enhanced deposition likely reflects the
inputs of mining-derived copper. Locally in L’Anse Bay, core sites
near the Marina have more extensive laminae and higher deposi-
tion rates (0.23–0.26 cm/yr), whereas cores from the center of
the bay have lower and comparable deposition rates at the begin-
ning of the fine laminae (ca. 1902-present; 0.15 cm/yr; SD = 0.04,
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N = 12) to the late 1960’s (1965-present; 0.16 cm/yr; SD = 0.04,
N = 12).
Relatively low mercury levels
Mercury concentrations in deep-water Lake Superior sediments
are relatively low compared to Superfund Site (Keweenaw Water-
way) values found close to smelters in Portage and Torch Lakes
(Kerfoot et al., 2004; 2016). In Keweenaw Waterway studies, an
estimated 24 tonnes of mercury emissions came from smelters
(Kerfoot et al., 2016, 2018), whereas tailings discharge released
an estimated 17 tonnes (Kerfoot et al., 2004). There were no smel-
ters along the shorelines of Keweenaw Bay, only 3 large stamp
mills (Mohawk and Wolverine Mills at Gay; Mass north of Baraga)
that dominated metal inputs. The lack of smelter inputs helps
explain some of the differences. Mercury occurs at around 4 ppm
in solid solution within native copper, which largely accounts for
the enhanced release from smelting operations (Kerfoot et al.,
2002, 2016).
Was there any long-distance additional mercury transport?
Keweenaw Bay was 10–20 km downwind from the four major
smelters of the Keweenaw Waterway, i.e. close enough to receive
some long-distance atmospheric Hg input, either from smelters
(Kerfoot et al., 2018) or from coal-burning power operations asso-
ciated with mills. Historic inputs from coal-burning operations
have not been estimated for the watershed, although Sherman
et al. (2015) show locations of modern regional industrial opera-
tions. Wood (1914) mentioned that ‘‘smoke from the chimneys of
Houghton and Hancock, almost due north, is clearly visible” from
L’Anse. Moreover, the Mass Mill had a coal-burning dual stack
and a coal-burning power plant (L’Anse Warden Electric Company)
began intermittent operations in L’Anse around 1959. Thus, in
addition to stamp mill inputs, neighborhood and local sources
may have contributed some of the excess mercury to L’Anse Bay
sediments. Future mercury stable isotope studies will hopefully
clarify these alternative sources.
Historical pulse chase experiment: Sand Point development
Recent investigations in the Lake Superior basin have docu-
mented long-term rising lake levels as a result of the emergence
of a bedrock sill at Sault Ste. Marie, caused by differential rebound
(Johnston et al., 2007, 2012). Emergence of this sill separated Lake
Superior waters from Lakes Huron and Michigan, and started a
slow transgression along the southern shoreline of Lake Superior.
Coastal erosion and deposition may have initiated development,
then partial submergence, of sandy promontories in several loca-
tions, including ‘‘Sand Point” off Pictured Rocks National Park
(Fisher et al., 2014) and ‘‘Sand Point” at the mouth of L’Anse Bay.
Friable sandstone exposed along the Jacobsville Sandstone cliffs
appears to be the source of sands originally accumulating at the
mouth of L’Anse Bay to form Sand Point. During the mid-
Holocene Nipissing high-stand (4500 yr B.P.; Thompson et al.,
2011; Fisher et al., 2012), Lake Superior waters stood ca. 12 m
higher than today, thus Sand Point would have been totally sub-
merged if it existed at that time. As Nippising waters receded,
extensive sand bays and spits developed in certain locations. With
resurgence of lake level, evidenced locally by flooded forest
embayments along the southern margin, the coastal sand features
are in a period of active reconfiguration.
As mentioned previously, the Mass Mill stamp sand discharge
resembles a ‘‘pulse experiment”, one that allows us to trace the
path of eroding sand particles. Because the stamp sand particles
are mineral-distinctive (mafic basalt aluminosilicates, rather
than quartz), discharged over a known limited time span
(1902–1919), and came from a single point source, the path of
these particles can be followed along the bay shoreline. From aerial
photographs, Vitton et al. (2008) estimated average cliff recession
rates as 3.81 cm/yr for the Jacobsville Sandstone bluffs north of
the Mass Mill location. Wave action, working talus slopes at the
base of the cliffs, grinds up sandstone debris to produce natural
sand that moves southward as sand bars, aided by wave action
and long-shore currents. Along the way, the stamp sands mix with
the natural sands, diluting tailings to around 50%. The mixture of
particles moved onto the outer edge of Sand Point, up to the exist-
ing Lighthouse, adding onto existing wetlands and sand substrates
(Fig. 13). The rate of movement of the stamp sand front southward
along the beach was about 0.18 km/yr (0.11 mi/yr).
Toxic effects: funneling of tailings fractions
Environmental effects from the Mass Mill appear amplified
because, under the combined action of prevailing waves and cur-
rents, both the fine and coarse fractions (tailings) funneled down
towards L’Anse Bay. The primary chemical responsible for toxic
biological effects of stamp sands is copper (Malueg et al., 1984;
Ankley et al., 1993; Kerfoot et al., 1999b, 2019). Fully 40% of the
Ponar samples had copper concentrations above the Probable
Effects Level (200 ppm; NOAA 1999). Work elsewhere in Lake
Superior would suggest that populations of benthic organisms in
regions of copper concentrations greater than 400–500 ppm are
likely to be severely reduced (Kraft, 1979; Kraft and Sypniewski,
1981; Kerfoot et al., 2019). Concentrations in stamp sand beaches
are high enough to have serious effects on organisms (e.g. 50%
stamp sand = 3000 ppm Cu  0.5 mixture = around 1500 ppm
Cu). Concentrations of copper in shallow near-shore sediments
along the Assinins shelf (20–30% stamp sand) are also likely to
have some effects, although percentages decline rapidly offshore
to low values (Fig. 7; <10% stamp sands, i.e. <300 ppm). However,
all Keweenaw Bay sites show evidence for substantial recovery, as
concentrations of copper are declining to half their peak values in
surface strata.
Additional findings merit further investigation. The abundant
stamp sands in surface sediments of the bay probably continue
to release dissolved copper into the water column, resulting in ele-
vated concentrations (1–5 mg/L) relative to the open lake (0.5–0.8
mg/L) (Jeong, 2002; Nriagu et al., 1995). Given the low hardness
(45 mg/L as CaCO3; Weiler, 1978) and low DOC concentrations in
Lake Superior (~1.5 mg/L; Urban et al., 2005; Zigah et al., 2011,
2012), even relatively low copper concentrations may affect
growth of plankton and behavior of fish (Twiss et al., 2004;
Woody and O’Neal, 2012; Sandhal et al., 2007). We want to stress
that L’Anse Bay concentrations and inventories are substantial
(Table 6) even compared to Portage and Torch Lakes), i.e. the most
seriously disturbed regions of the Keweenaw Peninsula. L’Anse Bay
copper anthropogenic inventories are 29.6% of Portage Lake values,
despite the relatively small discharge of tailings by the Mass Mill
(2.7 MMT) compared to the Portage Lake Mills (17 MMT).
Tribal jurisdiction, rights, and remediation efforts
Environmental regulation is concerned with controlling damage
resulting from use of the land. Moreover, mitigation relies on clear
assignment of responsibility relative to contamination effects on
sediments and the overlying water column. The long-term legacy
consequences of Mass Mill discharges included progressive
infringement upon both the intent of tribal treaty rights and even-
tual direct exposure of reservation property (homelands).
At the very onset, the site of tailings release was within jurisdic-
tion of the L’Anse Band of the Lake Superior Band of Chippewa
Indians. Although the Treaty of 1842 ceded Chippewa lands to the
federal government, the document included provisions and
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stipulations that the Chippewa retain their rights to fish, hunt and
gather on these ceded lands. Lake Superior is included in the ceded
territory, so any impacts to Lake Superior potentially infringe on
the Ojibwe right to harvest natural resources under the treaty. This
caveat applies to all other Ojibwe bands that are signatories of the
treaty, especially those that fish in Keweenaw Bay. Off the Kewee-
naw Peninsula, the L’Anse and Ontonagon Indian Reservations are
the oldest and the L’Anse the largest Indian Reservation inMichigan,
established by the Chippewa Treaty of 1854. The United States
Supreme Court interpreted the treaty as creating permanent home-
lands for the Chippewa (Ojibwa, Anishinaabe) band signatories. The
present-day L’Anse Indian Reservation covers 220 km2, nearly one
third of Baraga County (Fig. 13). The tribal government and precise
local Reservation boundaries were established under the Indian
Reorganization Act of 1934, 15 years after Mass Mill shut down.
Yet the earlier treaties (1842, 1854) established rights that were
threatenedby initial dischargeof, andmigrating, stampsands. Read-
ing company communications, operations at themill between 1902
and 1919 seem driven mainly by concerns about maintaining ore
grade, processing, employment, and profits for investors, with no
mention of long-term environmental consequences.
KBIC was one of four tribes that founded the Inter-Tribal Coun-
cil of Michigan. The council represents 11 federally recognized
tribes in Michigan. Working under the Inter-Tribal Council, the
tribes qualify for Community Action Program grants involving
improvements in living conditions. Sand Point is a pivotal location
for KBIC, including Pow-Wow grounds, wild rice ponds, a tradi-
tional healing clinic, ancient burial grounds, and modern camp-
grounds. Sampling by UP Engineers & Associates (2004) during a
Brownfield Investigation at Sand Point indicated elevated levels
of copper in groundwater, surface water and sediment associated
with stamp sands. The KBNRD (Keweenaw Bay Indian Community
Natural Resources Department) received a grant to begin assess-
ment of contamination at Sand Point in 2001.
In 2006, the KBIC was awarded funds from U.S. Fish andWildlife
Service and EPA, through a Brownfield Cleanup Grant, to begin
restoration from mine tailing impacts. The KBIC subsequently
capped nearly 33.6 acres, over a length of 2 miles, with 6–8 in. of
soil and planted legumes and grasses. The intent of the capping
was to protect nearby vulnerable coastal wetlands, reduce erosion,
and increase biodiversity (KBIC, 2017). The KBNRD planted over 30
varieties of plant species, investigating which taxa were more
Fig. 13. Small insert shows boundaries of L’Anse Bay Indian Reservation and location of Sand Point Remediation Project (red star). Current L’Anse Reservation boundaries are
shown in insert (as red boundary; town of L’Anse is indicated by yellow boundary). Aerial photo shows stamp sand extending onto Sand Point (up to the Light House). This
recent (NOAA 2010) image also shows capped areas around ponds and trails, vegetation and gardens, walking trails and parking areas. Exposed stamp sand is grey beach on
Sand Point, extending to lower right pond entry, before the lighthouse. Baraga Marina is shown at bottom left of figure. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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resistant to stamp sands. The soil cap and trails transformed much
of the impacted area into green space and enhanced the recre-
ational area for the community (Fig. 13). In 2014, the KBNRD
received a prestigious award for the project. A panel of U.S. and
Canadian judges from the Binational Forum selected the stamp
sands restoration project as the recipient of its 11th Annual Envi-
ronmental Stewardship Award in the U.S. Tribal Category. Judges
were impressed by the ambitious goals of the project: the capping,
the use of native plants (many grown in the KBNRD greenhouse) to
restore the native landscape and enhance wildlife habitat, and
work towards expanding human recreation opportunities. The top-
soil cap has been planted with thousands of native grasses, flowers,
trees, and shrubs to filter contaminants and stabilize the eroding
shoreline. Walking trails (Fig. 13) were established complete with
exercise stations and interpretive placards.
However, some difficulties remain on Sand Point as remediation
is compromised by rising water levels and increasing storm fre-
quency and intensity. Increasing storm frequency and severity
are evident throughout the Great Lakes, including Lake Superior
(As-Salek and Schwab, 2004, Anderson et al., 2015, Bechle et al.,
2015). The shoreline edge of Sand Point is prone to wave action
and wind currents, compromising capping efforts and increasing
susceptibility to stamp sand deposition (e.g. late October 2017
storm). Additional hydrodynamic modeling is needed to predict
the eventual movement of remaining stamp sands in the vicinity
of Sand Point. An initial USACE study (MDEQ, 2001) suggested
‘‘no action”, anticipating that migrating stamp sands would be
deflected off Sand Point into the end of the Keweenaw Trough,
the previously mentioned ‘‘underwater canyon”. However, much
of the migrating stamp sand seems to be adhering onto Sand Point,
with only slight sloughing into the Keweenaw Trough. Another
concern on Sand Point is that stamp sand tailings react with DOC
in groundwater, leading to elevated dissolved metal concentra-
tions (Jeong et al., 1999; Kerfoot et al., 2018). However, high DOC
can also complex copper, producing a positive effect.
The Mass Mill history provides an excellent example of what
can happen if even a modest amount of tailings are released into
coastal environments. The fine fraction dispersed rapidly and grad-
ually settled into deeper sediments (e.g. Keweenaw Trough), but
also curled into down-drift embayments, such as L’Anse Bay. The
coarse fraction crept slowly along the shoreline along a separate
trajectory, progressively contaminating beaches. Admixture with
natural sands appears to be diluting the original beach transgres-
sion. A large amount of stamp sands is now precariously perched
on Sand Point. There is uncertainty whether large storms will con-
tinue to add stamp sands onto Sand Point, accentuate sloughing, or
push a portion into L’Anse Bay. Regardless, the century-long sce-
nario argues strongly against mining companies discharging even
relatively small amounts of tailings into coastal waters.
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